Electroreflectance spectroscopy measurements have been performed on light-emitting porous Si (LEPSi). The transmission electron microscope measurements reveal that LEPSi includes Si nanocrystals with a mean crystal size of 1-2 nm. The ER features are observed at a transition energy of 3.4 eV in all of the samples, giving that LEPSi still keeps the threedimensional (3D) electronic structure. Changes in the transition energies are not found for LEPSi with the different mean crystal sizes. Furthermore, we directly observed interband transitions of quantized states due to quantum-confined electron-hole (e-h) pairs in LEPSi as two or three extra ER features being located between 1.2 and 3.1 eV which are never observed in bulk crystalline Si. Employing a simple effective mass approximation model, we have evaluated the reduced mass, the kinetic energies and the Coulomb attraction energies of the quantumconfined e-h pairs. We also found that the energy distance between the transition energies at the ground state and the photoluminescence (PL) peak energies basically corresponds to the Coulomb attraction energies. Finally, we propose a new luminescent model based on interband transitions involving the quantum-confined dense e-h plasma.
INTRODUCTION
Since the first discovery of strong photoluminescence (PL) at room temperature with emission energies being larger than the bandgap of crystalline Si (c-Si) [1] , light-emitting porous Si (LEPSi) has been intensively studied as a physical phenomenon arising from quantum confinement (QC) effects found in low-dimensional semiconductors [2] . An alternative blueshift is found in the optical absorption edge [3] , and this has been also considered as the bandgap widening due to the QC effects. However, it has been found that the blueshift in the optical absorption edge is much larger than that in the PL peak energy, when the mean crystal size is decreased to a few nanometers [4] . Therefore the luminescent models in which the optical absorption edge directly reflects the QC effects, while the PL occurs via luminescent centers, e.g., surface states on Si nanocrystals [5] , have been proposed. So far, the luminescent models have been widely accepted [6] .
However, there remain at least two crucial problems for the identification of the bandgap of LEPSi based on optical absorption or photoluminescent excitation spectra. First, the obtained spectra are very broad featureless, so that a specific definition is required for the bandgap determination such as Tauc gap used in amorphous semiconductors [7] . However, there has been no established definition with physical aspects. The alternative problem is spectroscopic signs assigned to the three-dimensional (3D) electronic structure in LEPSi. For example, spectral features associated with E 1 (E 0 ') and E 2 direct gaps are found in optical reflectance and ellipsometry spectra [8, 9] and bulk-like band dispersions are observed by an angle-resolved photoemission technique [10] . Therefore, optical transitions due to the 3D band structure as well as the quantum-confined states must affect the optical absorption spectrum in LEPSi.
It is then required to introduce an experimental approach with a high spectral resolution for an extraction of the QC-related structure from the unresolved optical spectral lineshape. Electroreflectance (ER) spectroscopy is well adapted for the highly resolved optical spectroscopy because the obtained lineshapes reflect the derivative of the unperturbed dielectric function [11] . We have performed the ER measurements on nanocrystalline Si thin films prepared by plasma chemical vapor deposition and post-anodization and found some ER features at 1.2-1.4 eV and 2.2 eV maybe due to the QC effects as well as the 3.1-3.4 eV features due to E 1 (E 0 ') direct gap [12] . Thus the spectral components induced by the QC effects and the bulk components can be separately characterized by the ER technique.
In this article, we report the results of the ER measurements of LEPSi with a thickness of less than 110 nm. The use of such a thin LEPSi layer induces some advantages for optical measurements, e.g., 1) less contribution of optical interference, 2) a reduction of optical scattering loss due to surface roughness, 3) monitoring almost the same region despite of different penetration depths due to a change in wavelengths of the probe light. In addition, associated with ER measurements, 4) appreciate modulation electric fields can be applied to the thin LEPSi layer. We report 2-3 ER features of LEPSi between 1.2 eV and 3.1 eV and discuss them in terms of a simple effective mass approximation (EMA).
EXPERIMENTAL DETAILS
The LEPSi layers were prepared from p-type boron-doped (100) substrate with resistivities of 4-10 Ωcm. Aluminum was evaporated on the rear surface of the substrate, then sintered at 500°C for 5 min in vacuum. The resulting Al acts as an ohmic back-contact at anodization as well at ER measurements. Anodization was performed in a conventional electrolytic cell. Concentration of an electrolytic solution was 50 wt.% HF : de-ionized water = 1:1 in volume. The anodizing current densities, J anod , and time, t anod , were varied from 3.25 mA/cm 2 x 15 sec to 81.2 mA/cm 2 x 1.0 sec. The thicknesses of the LEPSi layers in the range of 40-110 nm were confirmed by the cross sectional views taken by a scanning electron microscope (JEOL JEM6340F) or a transmission electron microscope (TEM, Hitachi H-9000NAR). The fabrication conditions are quite conventional ones except for t anod [7] . Finally, indium tin oxide (ITO) was evaporated on the LEPSi layer in oxygen atmosphere at 200°C as a transparent cathode. The typical thickness of ITO was 70 nm. Photoluminescence was measured through the ITO electrode with He-Cd laser excitation (λ = 325 nm, P = 0.23 mW/cm 2 ) and a conventional lockin detection system. For the ER measurement, monochromatic light from tungsten-halogen lamp or xenon lamp was applied on a sample, then the reflection light was detected by a Si or InGaAs photodiode. A dc bias voltage, V dc of -10 V and a modulation ac voltage, ∆V pp of 5 V were applied. We set the ITO electrode on the LEPSi layer as the ground. A modulation frequency was 500 Hz. The ER signal, ∆R/R, was obtained from the reflectance component, R, and the modulation component, ∆R. The way of the ER lineshape analysis is described in our previous report in detail [12] . energies.
DISCUSSION
Cross-sectional views of two distinguished LEPSi made with the anodization conditions of J anod x t anod = 3.25 mA/cm 2 x 15 sec (A) and 81.2 mA/cm 2 x 1.0 sec (B) were taken by the TEM. In both samples, we found lattice fringes corresponding to the (111) planes of Si nanocrystals embedded in amorphous tissue of silicon oxide (and/or hydride), and the nanocrystals are separated with each other except for those formed on the c-Si substrate. Although they are so-called porous, no void is found in either LEPSi layers. We define the crystal size as a diameter of a circle with an area being equal to that of a nanocrystal. Figure 1 shows the size-distribution in LEPSi. The size-distribution is well expressed by the log-normal function which is generally used for the size-distribution of fine particles [13] . The mean crystal size, L m , and the deviation, σ m , are estimated as L m = 1.3 nm and σ m = 0.22 (A) and L m = 2.3 nm and σ m = 0.67 (B), respectively. Therefore, the mean crystal size tends to be decreased with an increase in the anodizing time with the decreased anodizing current density. Figure 2 shows the 293-K ER spectra of LEPSi with different anodizing conditions. From the sample (a) to the sample (d), J anod was increased with a decrease in t anod , and the curves (a) and (d) were taken with the samples used in Figures 1 (A) and (B) , respectively. Therefore the mean crystal size would be increased from the sample (a) to the sample (d). At 3.4 eV, a couple of ER features corresponding to optical transitions at E 0 ' and E 1 direct gaps are clearly found. Ultraviolet (UV) laser excited Raman scattering spectra of the samples show the typical asymmetry spectra at TO mode with decreased peak frequencies which reflect Si nanocrystals alone [14] , so that the penetration depth for UV light should be less than the LEPSi thicknesses. This leads that there remains the 3D electronic structure even in LEPSi containing Si nanocrystals with the mean crystal sizes of 1-2 nm. Furthermore the transition energies of the E 0 ' and E 1 direct gaps is almost unchanged against different mean crystal sizes, and they agree with those of the c-Si substrate measured with the ITO/c-Si diode. Namely any size effects including the QC effects as well as the stress-induced effects do not appear for the 3D electronic structure in LEPSi.
Also found in Figure 2 are two or three extra ER features between 1.2 eV and 3.1 eV labeled E 10 , E 11 , and E 12 , respectively. With a decrease in the mean crystal size from curve (d) to curve (a), the transition energies are increased and the energy distances, E 11 -E 10 and E 12 -E 11 , are increased. These behavior imply E 10 , E 11 , and E 12 as the optical traditions at the quantizedstates. Now we assume E 10 , E 11 , and E 12 as the optical transitions between electron at X point and hole at Γ point (e-h pairs). According to a simple EMA in the strong confinement region, the transition energy, E n , of the e-h pairs in a spherical quantum dot with an infinite-height potential barrier is expressed by [15] ,
,
where E g(Γ-X) denotes the fundamental gap of bulk c-Si (1.12 eV at 293 K), ∆E n the kinetic energy of the e-h pairs, ∆E the Coulomb attraction energy between the electrons and the holes, the Plank's constant, m* the reduced mass, L 0 the effective crystal size, n the principal quantum number, the azimuthal quantum number, e the electronic charge, and ε the dielectric constant of Si. The parameter ξ n is the n-th zero of j (πξ), j the -th spherical Bessel function and given as ξ 10 = 1, ξ 11 ~ 1.43, and ξ 12 ~ 1.83, respectively. Taking C n in Eq. (3) as constant, E n for a quantum dot can be expressed as a linear function against ξ n 2 with an interception of E g(Γ-X) -∆E, and a linear coefficient of 2π 2 Figure  3 . In Figure 4 , ∆E is also plotted against L 0 , and the experimental data are found to be proportional to 1/L 0 . These results allow us to conclude that the ER features at 1.2-3.1 eV arise from the optical transitions due to the quantum-confined e-h pairs in LEPSi. In other words, changes in the optical reflectance due to the quantum-confined Stark effects are monitored [16] . is the fitting result to 1/L 0 Open circles are ∆E PL defined in Eq. (4).
As we described first, the main interest for LEPSi is the origin of the strong PL. The above discussion gives that any luminescent models based on the optical bandgap with 2-3 eV deduced from the optical absorption spectrum have not been acceptable. Thus let us discuss about the relation between the transition energies of the quantum-confined e-h pairs observed in the ER spectra and the PL peak energies, E PL . The PL is observed for all of the samples used in Figure 3 at 293 K and the PL peak energies tend to be increased with a decrease in the effective crystal size, L 0 . However, E PL is located in the range from 1.7 eV to 2.2 eV, so that E PL does not straightforwardly assign to the transition energies, E n . Now we define ∆E PL as .
In Figure 3 , ∆E PL is also plotted as a function of L 0 , exhibiting a good agreement with ∆E 10 . This leads that PL in LEPSi is basically attributed to interband transitions of the quantized states, and the energy distance between the transition energy evaluated from the ER spectrum and the PL peak energy almost corresponds to the Coulomb attraction energy. This result leads us to a new luminescent model, i.e., the quantum-confined dense electronhole plasma model. As found in the ER spectra shown in Figure 2 , the 3D band structure still remains in LEPSi. Thus the indirect transitions dominate the optical transitions in LEPSi, which is consistent with the observation of the phonon-structures in 2-K resonant PL spectra [17] . Then the lifetime of photogenerated e-h pairs in LEPSi becomes longer than on the order of microseconds, which has been also experimentally confirmed [18] . As the result of the longlived excess e-h pairs, the density of the e-h pairs tends to be increased, so that the Coulomb interaction between the electrons and the holes is screened. Finally, the electrons and the holes are recombined with radiation. This model means that the dominant slow PL band in LEPSi is strongly related to its indirect nature. Additionally the PL can arise after the Mott-transitions [19] and the wave functions of the e-h pairs are double-confined (localized) due to the potential screening as well as the potential barrier. Furthermore this model implies that extremely slow PL with the lifetime more than milliseconds appearing at low temperatures maybe a result of the phase transition in the e-h pairs from gas to liquid.
CONCLUSIONS
We have performed the ER measurements on LEPSi containing Si nanocrystals with the mean crystal sizes of 1-2 nm. The ER spectra consist of the ER features at 3.4 eV corresponding to the remaining 3D band structure as well as those between 1.2 eV and 3.1 eV arisen from the quantum-confined Stark effects. The slow PL band basically occurs due to the quantum-confined e-h pairs in which the Coulomb interaction between the electrons and the holes is almost completely screened. Finally we have proposed the quantum-confined dense e-h plasma model as a new luminescent model.
